1. Introduction {#sec1}
===============

Cements used in orthopedics must satisfy many requirements, such as a low curing temperature, suitable setting time and high crushing strength. The most common materials that have been investigated for orthopedic and dentistry applications are called chemically--bonded ceramics (CBC), whose setting behavior is conducted by certain chemical reactions that can occur at room temperature [@bib1]. Calcium aluminate cement (CAC) is classified as a CBC materials that has been used as a biomaterial with respect to its general physico-mechanical and biocompatible properties. Due to the high CaO content of CAC, it was stated that this material is very similar to bones and teeth \[[@bib2], [@bib3]\] and can be used in orthopedics for repairing bone and as dental restorative materials [@bib4]. CAC overcomes some drawbacks of the commercial product mineral trioxide aggregate (MTA), which is used for root-end filling material purposes, such as long setting time, high porosity level, and low mechanical strength \[[@bib5], [@bib6]\].

Mono-calcium aluminate, CaO^**.**^Al~2~O~3~, is the main component of CAC. This ceramic material has special properties such as high early strength and resistance to elevated temperatures [@bib7]. The superior mechanical properties of CAC at early hydration ages (24 h) make it a good material for load bearing in both medical and dental applications. The hydration products of calcium aluminate significantly depend on the curing temperatures \[[@bib8], [@bib9]\]. The main hydrate, CAH~10~, is formed at temperatures below 20 °C, whereas the main hydration products AH~3~ and C~2~AH~8~ are found at 20 °C and above \[[@bib10], [@bib11], [@bib12]\]. As CAH~10~ and C~2~AH~8~ compounds are thermodynamically metastable, they have a higher solubility than the stable phases of C~3~AH~6~ and AH~3~. When the stable phases start to nucleate, the metastable phases dissolve and further convert to the more stable C~3~AH~6~ and AH~3~ phases with curing time and temperatures above 35 °C; this reaction is called the conversion reaction \[[@bib13], [@bib14]\]. Hydration reactions of CAC can be expressed by the following equations [@bib12].

At hot and humid conditions the conversion reactions increase leading to an increase in porosity, formation of micro-cracks and strength loss \[[@bib7], [@bib13]\]. Some studies have reported that the conversion reaction could be inhibited by micro-silica, fly ash [@bib7], granulated blast-furnace slag [@bib15], and sodium silicate [@bib16] due to the formation of strätlingite compound C~2~ASH~8~. It was stated that strätlingite compound has higher mechanical properties compared with hydrogarnet (C~3~AH~6~), which is formed during the conversion reaction \[[@bib12], [@bib17]\]. Bentsen *et al.* suggested that silica increases the formation of strätlingite and that the strätlingite compound crystallizes as a stable phase in the temperature range of 20--70 °C [@bib18]. Similarly, Shiri *et al.* showed that nano-silica in mono-calcium aluminate improved its workability and strength [@bib19].

The present work aims to study the influence of nano-silica particle additions on some characteristics of calcium aluminate cured at 37 °C to be used as a novel biomaterial in both dental and medical applications. Investigation of physico-mechanical properties, hydration characteristics and morphology of the hardened pastes were carried out. Additionally, the cytotoxicity of both pure and composite CA cement against the skin of normal human cell line BJ-1 was also determined.

2. Materials and methods {#sec2}
========================

2.1. Materials preparation and characterization {#sec2.1}
-----------------------------------------------

A dry mixture of 1:1 CaCO~3~ and Al~2~O~3~ (CaCO~3~ (≈99.8%) and Al~2~O~3~ (≈99.6%) with higher purity) was used to formulate the CA phase. All chemicals were supplied by BDH Chemicals Ltd, Poole, England. The mixture was homogenized using an electric roller for 24 h and then pressed into 2 inch cubes and calcined at 1000 °C for 2 h in Vecstar electric furnace. The produced material was milled and then remolded into 2 inch cubes and fired at 1500 °C for 6 h \[[@bib20], [@bib21]\]. This solid state reaction was carried out in accordance to the phase diagram of calcium aluminate phases at a temperature needed for mono-calcium aluminate phase formation (CA) [@bib12]. The resulting material was very finely ground for 15 h in an electric milling machine (Retsch GmbH PM100, Germany). This finely ground powder was characterized by its X-ray diffraction (XRD) pattern ([Fig. 1](#fig1){ref-type="fig"}). Transmission Electron Microscopy (TEM) ((JEM-1230) at 100 kV) was used to estimate the particle size ([Fig. 2](#fig2){ref-type="fig"}a).Fig. 1XRD pattern of calcium aluminate (CA) powder fired at 1500 °C/6h.Fig. 1Fig. 2Transmission electron photomicrograph of the two experimental materials. (a) Calcium aluminate (CA) ranging from 12--31 nm and (b) nano-SiO~2~ with a particle size below 20 nm.Fig. 2

Moreover, highly pure laboratory chemical nano-SiO~2~ particles (≈99.8%) with grain size less than 20 nm ([Fig. 2](#fig2){ref-type="fig"}b) were used. Nano-SiO~2~ particles were added to the CA powder in 0, 5, 10 and 20 wt.% and their abbreviations for identification are given as CA, CA/5S, CA/10S and CA/20S respectively. Distilled water (DW) was used as a mixing liquid to prepare the cement pastes. For suitable workable consistency, a water/powder ratio of 0.24 ml/g was employed. The cement pastes were prepared with the aid of cylindrical brass mold of dimensions: diameter = 10 mm and height = 2 mm. The paste was filled in the mold into two approximately equal layers. Each layer was compacted and pressed until a homogenous specimen was obtained. The samples were cured in 100% humidity chamber at a constant temperature of 37 °C for 24 h directly after molding. The samples were de-molded and cured under DW at 37 °C until testing at 1, 3, 7 and 14 days.

2.2. Setting time {#sec2.2}
-----------------

The final setting time of the synthesized CA biocement was performed using Vicat apparatus. One scoop (1 scoop = 0.2 g) of the freshly cement powder was mixed with one drop of DW (1 drop = 0.0482 g) and was placed into a mold that measured; 10 mm in height and 2 mm in thickness. Mixing was carried out on a glass slab with a stainless steel spatula, for 30 seconds. After 120 seconds from the start of mixing, a Gilmore needle (with a flat end diameter of 2 mm and weighting 100 g load) was gently lowered to the horizontal surface of the tested material. This procedure was repeated at 30-second intervals until the indenter failed to make a complete circular mark on the tested material. Three replicate specimens of the tested materials were made.

2.3. X-ray diffraction {#sec2.3}
----------------------

Some selected samples were examined by XRD to identify the hydrated compounds with the aid of Bruker D8 Advance-Germany with X-Ray tube having a Cu Kα Target and radiation wavelength = 0.154nm, the X-ray was generated at 40 kV with a current of 2--5-mA. The XRD patterns obtained were converted to a series of lattice spacing d, Å and relative intensities (I/I^o^) which were correlated with the relevant literature of JCPDS cards [@bib22].

2.4. SEM-EDS analysis {#sec2.4}
---------------------

Scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectra (EDS) was carried out to examine the morphology of some selected hydrated samples by coating a thin layer of gold using an instrument (type Inspect S, T810, D8571, FEI Co., Japan) with an accelerating voltage of 30 kV and a magnification from 10× to 300000×.

2.5. Bulk density {#sec2.5}
-----------------

The bulk density of the samples was measured at room temperature according to the Archimedes\' method. The bulk density was determined by weighing the paste samples suspended in water and in air (saturated dry sample). Three replicate specimens of the tested materials were made. After the samples were dried at 100 °C for 24 h, the dried samples were weighed in air [@bib23].

2.6. Micro-hardness test {#sec2.6}
------------------------

The micro-hardness test was done by a Vickers indentation hardness tester with 1 kg load used for 15 seconds. The depth of indentation produced by a load on an indenter was measured [@bib24]. The micro-hardness test was carried out on three cubes of each case of the hardened cement pastes.

2.7. pH of the immersion solution and calcium ion concentration {#sec2.7}
---------------------------------------------------------------

A half inch cube of each mix of cement paste was directly placed into 20 ml of DW to cover the paste [@bib25]. Samples were kept at 37 °C in a 100% humidity water bath for 3, 7 and 14 days curing periods. The pH values of the immersion solution were determined using a solid-state pH sensor connected to a pH metre (Medika Scientific Jenway bench top pH meter, England). The concentration of Ca^2+^ ions in the curing medium was determined by atomic absorption spectrophotometer (Savant AA, GBC, Australia). An average of three samples were recorded.

2.8. Cytotoxicity test {#sec2.8}
----------------------

### 2.8.1. Cell culture {#sec2.8.1}

The skin normal human cell line BJ-1 (a telomerase immortalized normal foreskin fibroblast cell line) was kept in Dulbecco\'s modified Eagle\'s medium (DMEM). The medium was supplemented with 10% fetal bovine serum and incubated at 37 °C in 5% CO~2~ and 95% humidity. Cell was sub-cultured using trypsin 0.15%. The cell line was obtained from Karolinska Center, Department of Oncology and Pathology, Karolinska Institute and Hospital, Stockholm, Sweden.

### 2.8.2. Cell viability assay {#sec2.8.2}

After 24 h of seeding 50,000 cells per well in 96 well plates, the medium was replaced by complete medium containing a final concentration of the samples of 100 μg/ml in triplicate. The cells were cured for 48 h. Doxorubicin (100 μg/ml) was used as a positive control, and 0.5% dimethyl sulfoxide (DMSO) was used as a negative control. The cell viability was measured using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay [@bib26].

3. Results and discussion {#sec3}
=========================

3.1. Setting time {#sec3.1}
-----------------

[Fig. 3](#fig3){ref-type="fig"} represents the setting time values of pure and composites CA cement. The data showed a delayed setting time with an increase in the nano-silica content from zero to 20 wt.% as a result of the dilution effect of the CA phase by less chemically reactive material (SiO~2~) [@bib12]. The setting time values given in [Fig. 3](#fig3){ref-type="fig"} were between 16 and 27 min, which is considered a good setting time for both dental and medical applications, as it is an appropriate range to handle such material. The setting and hardening processes of CAC start immediately after mixing with water during the first 24 h through first dissolution, followed by the precipitation of the major hydration phases CAH~10~, C~2~AH~8~ and AH~3~ \[[@bib14], [@bib27]\]Fig. 3The setting time values of CA cement containing 0, 5, 10 and 20 wt.% of nano-SiO~2~ particles.Fig. 3

3.2. X-ray diffraction {#sec3.2}
----------------------

The XRD patterns for the pastes of pure and composites CA cement (10, 20% of nano-SiO~2~) cured at 37 °C for 14 days are represented in [Fig. 4](#fig4){ref-type="fig"}. The XRD patterns indicate the appearance of the characteristic peaks of CAH~10~ and C~2~AH~8~ phases together with those of the C~3~AH~6~ and AH~3~ phases [@bib12]. In pure CA cement, the characteristic XRD peaks of the CaO^**.**^Al~2~O~3~ anhydrous phase could be detected together with the C~3~AH~6~ and AH~3~ phases. With the Addition of nano-SiO~2~ particles, the characteristic peak intensities of hydrogarnet (C~3~AH~6~) and gibbsite (AH~3~) decreased because the main hydrated phases of CA cement (CAH~10~ & C~2~AH~8~) may react with the reactive nano-silica particles to form strätlingite (C~2~ASH~8~) according to the following equations \[[@bib16], [@bib28]\]:Fig. 4XRD patterns of CA cement containing 0, 10, 20 wt.% of nano-SiO~2~ particles cured for 14 days.Fig. 4

Therefore, the characteristic peaks of C~2~ASH~8~ slightly increased with diminishing hydrogarnet (C~3~AH~6~) and gibbsite (AH~3~) peaks. The rate of C~2~ASH~8~ formation was controlled by the rate of silicate ion dissolution. When the amount of nano-silica increases to more than 10% in the CA cement, the intensities of the characteristic peaks of C~2~ASH~8~ are slightly diminished. This could be explained by the fact that when the percentages of nano-SiO~2~ increase, the agglomeration of nanoparticles occurs and disrupts the hydration process [@bib19].

[Fig. 5](#fig5){ref-type="fig"} shows the XRD patterns of the hardened pastes of CA cement containing 10% nano-SiO~2~ cured at 37 °C for 1, 3, 7 and 14 days. The XRD patterns indicate that by increasing the curing time there is an increase in the characteristic peaks of C~2~ASH~8~ and a decrease in the C~3~AH~6~ and AH~3~ peaks as well as a diminishing of the intensity of the characteristic peaks of the anhydrous CaO^**.**^Al~2~O~3~ \'CA\' phase.Fig. 5XRD patterns for CA cement containing 10 wt.% of nano-SiO~2~ particles cured for 1, 3, 7 and 14 days.Fig. 5

3.3. SEM-EDS analysis {#sec3.3}
---------------------

The micro structure of the pure CA cement cured at 37 °C for 14 days is shown in [Fig. 6](#fig6){ref-type="fig"}. The micrograph of the pure CA paste (in [Fig. 6](#fig6){ref-type="fig"}) illustrates the presence of highly crystalline cubic and granular crystals of C~3~AH~6~ as well as AH~3~ gel. However, the micrograph of the CA paste containing 10% nano-SiO~2~ cured at 37 °C for 14 days, as depicted in [Fig. 7](#fig7){ref-type="fig"}a, shows the presence of the thin flaky-plate like morphology of strätlingite hydrate (C~2~ASH~8~), which is stacked as parallel layers, in a more dense microstructure. The plates of C~2~ASH~8~ are deposited within the pore system, which leads to relatively higher physico-mechanical properties of these CA pastes containing 10% nano-SiO~2~ [@bib7].Fig. 6SEM micrograph of pure CA cement cured for 14 days.Fig. 6Fig. 7(a) SEM micrograph and (b) EDS graph of CA cement containing 10 wt.% of nano-SiO~2~ particles cured for 14 days.Fig. 7

[Fig. 7](#fig7){ref-type="fig"}b shows the corresponding EDS spectra of CA cement containing 10% nano-SiO~2~. The EDS spectra emphasized the presence of Si atoms with the main elements of the spot analysis of the large plate-like crystals, namely, Al, O and Ca indicating the presence of an additional new hydration compound resulting from a reaction between the hydrated phases (CAH~10~ & C~2~AH~8~) of CA cement with active nano-silica particles to form a strätlingite compound (C~2~ASH~8~) [@bib16]. These additional hydration phases were detected in the XRD analysis.

3.4. Bulk density {#sec3.4}
-----------------

[Fig. 8](#fig8){ref-type="fig"} illustrates the bulk density results of the hydrated sample pastes cured at 37 °C for 1, 3, 7 and 14 days. The density values of the pure CA cement increased with a curing age up to 3 days and then decreased at 7 and 14 days. However, for the CA cement composites, there was a steady increase in density values from 1 to 14 curing days. The cement composite containing 10% by weight nano-SiO~2~ showed higher density values than 5 and 20% SiO~2~ at all curing periods. The curing of CA cement under hot and humid conditions results in a process called the conversion process, in which the two main unstable hydrated phases CAH~10~ and C~2~AH~8~ (hexagonal crystals), responsible for the mechanical and physical properties, will be converted to a more stable phase, namely, (cubic crystals) hydrogarnet (C~3~AH~6~) and gibbsite gel (AH~3~), with low physico-mechanical properties, which will result in lower density values with curing age \[[@bib29], [@bib30]\].Fig. 8Bulk density of CA cement containing 0, 5, 10 and 20 wt.% of nano-SiO~2~ particles against curing time.Fig. 8

Nano-silica particles may exhibit physical and chemical effects during the hydration process. One effect is the filling of the micro-pores, and the other is that the particles act as nucleating centers for the hydration reactants \[[@bib19], [@bib31]\]. Moreover, according to XRD results, the reactive nano-SiO~2~ particles may react with CAH~10~ and C~2~AH~8~ compounds to form the strätlingite compound (C~2~ASH~8~), which has good mechanical properties.

3.5. Micro-hardness test {#sec3.5}
------------------------

[Fig. 9](#fig9){ref-type="fig"} represents the micro-hardness results of the hydrated sample pastes cured at 37 °C for 1, 3, 7 and 14 days. The micro-hardness data indicate that the pure CA cement samples showed an increase in the micro-hardness values up to 3 days, followed by a decrease in micro-hardness at 7 and 14 days. However, the hardness values of the composites CA cement showed a continuous increase up to 14 days curing period. These results were confirmed by the bulk density data.Fig. 9Micro-hardness of CA cement containing 0, 5, 10, 20 wt.% of nano-SiO~2~ particles against curing time.Fig. 9

The results showed that the addition of 10% by weight nano-silica particles improved both the bulk density and micro-hardness because the microstructure of the hydrated cement pastes was more homogenous and dense than the pure CA, as observed in SEM results. However, with the further addition of nano-silica particles, the excess amounts of particles cannot be distributed well in the hardened cement paste, and weak zones may appear in the hydrated pastes. This effect is because nano-SiO~2~ particles are very fine (\<20 nm) and have a high surface area to volume ratio. Therefore, the homogenous hydration phases cannot be formed, and instead of improving the physico-mechanical properties of the samples, they negatively affect hydration, which is confirmed by the above XRD results given in [Fig. 4](#fig4){ref-type="fig"} \[[@bib7], [@bib32]\].

3.6. pH of the immersion solution and calcium ion concentration {#sec3.6}
---------------------------------------------------------------

[Fig. 10](#fig10){ref-type="fig"} represents the variations in pH of the immersion solution of pure and composites CA cement cured at 37 °C for 3, 7, 14 days. The pH values of the pure CA cement increase from 3 to 7 days, followed by a decrease from 7 to 14 days. This increase in the pH is mainly due to the conversion reactions of the CAH~10~ and C~2~AH~8~ compounds, which are thermodynamically metastable with a higher solubility to convert to the more stable C~3~AH~6~ and AH~3~ compounds \[[@bib13], [@bib14]\]. The dissolution of the meta-stable hydrated phases (CAH~10~ and C~2~AH~8~) in the reaction medium may increase calcium and OH^−^ ions that are responsible for the increase in pH values [@bib12]. However, in composites CA cement, there was a steady decrease in the pH values at all curing times. This decrease is due to the inhibition of the conversion reaction by the consumption of the dissolute calcium ions in the chemical reaction with the reactive SiO~2~ particles [@bib7].Fig. 10pH changes after immersion of CA cement containing 0, 5, 10 and 20 wt.% of nano-SiO~2~ particles against curing time.Fig. 10

The concentration of calcium ions in the immersion liquid for pure and composites CA cement cured at 37 °C for 3, 7 and 14 days is given in [Fig. 11](#fig11){ref-type="fig"}. The data show that the Ca^2+^ ions concentrations for the pure CA are higher than those of the composites CA. The concentration of Ca^2+^ ions slightly decreases in the case of pure CA at all curing times. However, in the case of composite CA cements, the concentration suddenly decreases from 3 to 7 days, followed by a slight decrease up to 14 days. The decrease in the calcium ion concentration was emphasized by the pH values. Generally, the CA phase has a low leakage since the material has a short setting time and good cohesiveness. The hydration process starts immediately via the dissolution of the CA phase in the aqueous curing medium producing Ca^2+^, Al(OH)~4~^−^ and OH^−^ ions; this process is immediately followed by the precipitation of the less soluble hydrated phases \[[@bib33], [@bib34], [@bib35]\].Fig. 11Ca^2+^ ion concentration after immersion of CA cement containing 0, 5, 10 and 20 wt.% of nano-SiO~2~ particles against curing time.Fig. 11

3.7. Cytotoxicity test {#sec3.7}
----------------------

Evaluation of the cytotoxicity of pure and composites CA cement against the skin normal human cell line (BJ-1) is given in [Fig. 12](#fig12){ref-type="fig"}. The culture of the cell line was treated for 48 h with samples at one concentration of 100 μg/ml. The data revealed that all investigated samples showed no cytotoxic effect against normal cells compared to the positive control (doxorubicin). The cytotoxicity test indicated that the pure and composites CA cement was completely safe for skin normal human cell line (BJ-1).Fig. 12Cytotoxicity of CA cement containing 0, 5, 10 and 20 wt.% of nano-SiO~2~ particles after 48 h (at 100 μg/ml) on skin human normal cell line (BJ-1).Fig. 12

4. Conclusions {#sec4}
==============

Calcium aluminate (CA) cement showed great potential in the biomaterial area due to its unique curing/hardening characteristics and related microstructure. The results showed that the addition of nano-SiO~2~ particles to the CA cement plays an important role in inhibiting the conversion reactions of CA cement and consequently improving the physico-mechanical properties of the cement paste. The data showed that 10 wt.% of nano-silica was the optimum value to be mixed with CA cement that gave the best physico-mechanical results, good inhibition of the conversion reactions and a more dense microstructure. *The in vitro* cytotoxicity indicated that the pure and composites CA cement are safe on skin normal human cell line. Taking into consideration the results of this work, CA cement containing nano-silica is a potential candidate for biomedical applications.
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